A number of groups have employed radio observations of the Galactic Center to derive stringent constraints on annihilating dark matter. In this letter, we show that electron energy losses in this region are likely to be dominated by inverse Compton scattering on the interstellar radiation field, rather than by synchrotron, relaxing the resulting constraints considerably. Strong convective winds, which are well motivated by recent observations, may also significantly weaken synchrotron constraints. After taking these factors into account, we find that radio constraints on annihilating dark matter are orders of magnitude less stringent than previously reported, and are generally weaker than those derived from current gamma-ray observations. PACS numbers: 95.85. Bh, 95.85.Fm, 95.35.+d In addition to gamma rays and neutrinos, dark matter annihilations can produce charged cosmic rays. Electrons and positrons generated in such interactions lose energy via processes including synchrotron, inverse Compton scattering (ICS), ionization and bremsstrahlung, leading to a variety of potentially observable multi-wavelength signals. Of particular interest are the constraints on dark matter annihilation that can be placed by considering radio observations of the innermost region surrounding the Galactic Center [1] [2] [3] [4] [5] [6] [7] [8] [9] .
In addition to gamma rays and neutrinos, dark matter annihilations can produce charged cosmic rays. Electrons and positrons generated in such interactions lose energy via processes including synchrotron, inverse Compton scattering (ICS), ionization and bremsstrahlung, leading to a variety of potentially observable multi-wavelength signals. Of particular interest are the constraints on dark matter annihilation that can be placed by considering radio observations of the innermost region surrounding the Galactic Center [1] [2] [3] [4] [5] [6] [7] [8] [9] .
The rate at which a cosmic ray electron or positron loses energy via synchrotron and ICS is given by:
1.02 × 10 −16 GeV/s ρ mag + ρ rad eV/cm 3 
E e GeV
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, where σ T is the Thomson cross section, 1 and ρ mag and ρ rad are the energy densities in the magnetic and radiation fields, respectively. The energy density of the magnetic field is related to its RMS field strength, ρ mag = B 2 /2µ 0 ≈ 2.2 × 10 5 eV/cm 3 × (B/mG) 2 . Although it has long been argued that large (mG-scale) magnetic fields are likely to be present within the accretion zone around the Milky Way's central supermassive black hole, Sgr A * [10] , it is challenging to observationally constrain the properties of this field. The recent discovery of the magnetar PSR J1745-2900 [11] [12] [13] [14] , located at a projected distance of 0.12 pc from Sgr A * , has 1 The Thomson cross section for ICS is a valid approximation for GeV-scale electrons. In particular, the difference between the limits obtained using the Klein-Nishina and Thomson cross sections is consistently smaller than a few percent.
been useful in this respect. In particular, the observed Faraday rotation measure of this object (RM ∼ 7 × 10 4 rad/m 2 ), combined with the observed dispersion measure (∼ 1.8 × 10 3 cm −3 pc), has been used to obtain a limit of B > ∼ 50 µG, assuming that all of the electrons along the line-of-sight are located near the Galactic Center [14, 15] . For comparison, the local magnetic field is generally estimated to be on the order of a few µG.
Previous studies of radio constraints on dark matter annihilation in the Galactic Center have often neglected energy loss processes other than synchrotron, as well as the effects of diffusion, free streaming, and convection. In other words, they assume that any electrons injected into the central parsec of the Milky Way lose the entirety of their energy to synchrotron before traveling any significant distance or losing any of their energy through other mechanisms. Constraints on annihilating dark matter that are derived under these assumptions will be unrealistically stringent for a number of reasons:
• The inner parsecs of the Milky Way are observed to contain extremely high densities of radiation, causing ICS to dominate over synchrotron and other energy loss processes. In particular, in studying ∼100 clouds within 5 pc of the Galactic Center, Wolfire et al. report the presence of a far-ultraviolet radiation field that is consistent with a centralized source with a luminosity of L ∼ (2 − 3) × 10 7 L [16] (see also Refs. [17] [18] [19] [20] ). Such a radiation field is sufficient to dominate cosmic ray electron energy losses for all but the most optimistic magnetic field models.
• A number of recent observations support the existence of strong outflows, which convect cosmic rays away from the Galactic Center. Refs. [21, 22] , for example, argue in favor of a convective wind with v c ∼ 100-1200 km/s. More recently, the discovery
The models used in our calculations for the energy density of the magnetic field and of the interstellar radiation field (ISRF) in the region surrounding the Galactic Center. The magnetic field is taken to be near the equipartition value within the accretion zone around Sgr A * and drops as B ∝ r
outside of that region. We also show the lower limit on the B-field at r=0.12 pc, as derived from recent observations of the magnetar PSR J1745-2900 [14, 15] . For the ISRF, we adopt the profile derived from the results of Ref. [16] , assuming a centrally located source. The convection line denotes the effective impact of a wind moving cosmic rays away from the Galactic Plane at a velocity of 100 km/s (defined as the energy density in magnetic or radiation fields that would lead to an energy loss time equal to the time required for a 1 GeV electron to convect a distance r).
of the Fermi Bubbles provides us with further evidence in favor of a bipolar convective wind, again with a velocity on the order of 100-1000 km/s [23] .
• Although little is known about cosmic ray diffusion near the Galactic Center, especially on subparsec scales, if one adopts a value for the diffusion coefficient that is similar to those adopted in the literature (on the order of D ∼ 10 26 − 10 27 cm 2 /s for 1-10 GeV electrons [24, 25] ), cosmic rays random walk with a typical step size on the order of l step ∼ 2D/c ∼ 0.002 − 0.02 pc. This degree of free-streaming would allow electrons injected within the innermost parsec of the Galactic Center to escape the region before losing most of their energy through synchrotron or other processes.
In Fig. 1 , we plot our default model for the energy densities of the magnetic and radiation fields in the region surrounding the Galactic Center. For the magnetic field, we adopt the profile recently used in Ref. [9] , which scales as B ∝ r −5/4 within 0.04 pc of the Galactic Center (the accretion zone around Sgr A * ) [10] , and as B ∝ r −2 for r > 0.04 pc. The normalization in this model is not far from the equipartition value within the accretion zone, and is consistent with the constraint derived from observations of PSR J1745-2900 (shown as an arrow at r =0.12 pc). While we consider this model to be plausible, one should keep in mind that it remains largely unconstrained by observations and at this time remains quite speculative. The interstellar radiation field (ISRF) model shown has been derived directly from the results of Ref. [16] , assuming that the radiation originates from a centrally located source. We also plot in this figure a curve representing the impact of a 100 km/s convective wind, which we will return to later in this letter.
To derive constraints on the dark matter annihilation cross section, we make use of radio observations at 408 MHz from the Jodrell Bank telescope, which limit the flux from the inner 4 arcsecond cone around Sgr A * to < ∼ 50 mJy [26] .
2 Although dark matter constraints have been placed using radio data at other frequencies (such as in Refs. [5] and [7] , which make use of observations at 5 × 10 4 GHz [27] and 330 MHz [28] , respectively), such constraints are generally less stringent.
In the left frame of Fig. 2 , the solid curve represents the upper limit on the dark matter annihilation cross section (to bb) derived under the default assumptions adopted in Ref. [9] . In particular, this result assumes a dark matter distribution that follows a generalized NFW profile with an inner slope of γ = 1.26, a scale radius of 20 kpc, a local density of 0.3 GeV/cm 3 , and a flat density core of R c = 2 pc. Also as in Ref. [9] , we include dark matter annihilations that take place within 1 pc of the Galactic Center, and emission from within a 4 arcsecond angular radius around Sgr A * (corresponding to 0.16 pc). We use an injected electron spectrum as calculated using PYTHIA [30] , 3 and adopt the monoenergetic approximation for synchrotron emission, ν = 4.7 GHz×(E e /GeV) 2 (B/mG). Under these assumptions (and neglecting ICS, convection, and diffusion/freestreaming), the resulting limits are indeed very stringent, ruling out simple thermal relics with masses up to a few hundred GeV. When the impact of ICS is included, however, the constraints are weakened by almost three orders of magnitude. The dashed curve in the same frame illustrates this conclusion.
If a strong convective wind is currently active within the central parsec of the Milky Way, it would also be expected to have significant implications for radio constraints on dark matter annihilation. In particular, such a wind would expel cosmic ray electrons from the Galactic Center before they lose most of their energy to synchrotron or ICS, reducing the predicted flux of radio emission. This is illustrated as the dotted curves in In the left frame, the solid curve neglects both inverse Compton scattering (ICS) and convection, as is often assumed in the literature. The dashed and dotted curves represents the same limit, but including ICS and/or convection. In each case, we have adopted the magnetic field and ISRF models shown in Fig. 1 and a dark matter distribution which follows a generalized NFW profile with an inner slope of γ = 1.26. In the left frame, we assume that the dark matter density is flat within a core radius of 2 pc, whereas in the right frame we show results for three different choices of core radius, Rc =2.0, 0.2 and 0 pc. For comparison, we also show as closed contours the region favored by the analysis of Fermi data by Daylan et al. [29] . Fig. 2 , for two values of the convection velocity. In Fig. 1 , we plot an "effective energy density" for convection, which is defined as the energy density in magnetic or radiation fields that would lead to an energy loss time, τ ≡ E/(dE/dt), for a 1 GeV electron that is equal to the time required to convect across a distance r.
The ISRF model used throughout this study is based on the observations of ∼10 2 gas clouds within 5 pc of the Galactic Center, as reported in Ref. [16] . More recent observations have shown that the ISRF in the vicinity of the Galactic Center originates from two major sources: an ultraviolet component from a very concentrated population of young stars (n ∝ r −1.93 ) [17] [18] [19] and a more spatially extended component from older stars (n ∝ r −1.16 ) [18, 20] (in addition to a subdominant contribution from Sgr A * ). Each of these two stellar components contributes a few times 10 7 L within the innermost parsecs of the Galaxy. Given the sum of these observed profiles, we find that the energy density of the ISRF dominates over that of the magnetic field (given the B-field model shown in Fig. 1 ) throughout the entire volume of the Galactic Center beyond ∼0.01 pc of Sgr A * .
In addition to these observations, there is another line of reasoning that supports the conclusion that cosmic ray electrons in the Galactic Center do not lose most of their energy to synchrotron. The spin-down power of the recently discovered magnetar PSR J1745-2900 iṡ E ≈ 2 × 10 33 erg/s × (B/10 14 G) 2 . In order for the synchrotron emission from the electrons injected from this source to not exceed the flux observed at 408 MHz, less than 0.2% of the spin-down power can go into synchrotron. 4 Although this fraction is quite low, it is perhaps not an inconceivable value. The magnetar in question, however, is thought to be only one of a large population of pulsars present within the inner fraction of a parsec around the Galactic Center. In particular, the large number of massive stars and the enhancement in the X-ray binary density observed in the region [32] leads one to expect ∼100-1000 pulsars to reside within ∼0.02 pc of Sgr A * [33] (see also Refs. [34] [35] [36] ). The collective synchrotron emission from such a large population of pulsars would almost certainly exceed the radio flux observed from the region unless most of the energy in cosmic ray electrons is not locally emitted as synchrotron.
In the right frame of Fig. 2 we plot limits, including ICS and convection (with v c = 100 km/s), for three different choices of the core radius of the dark matter profile. If the dark matter distribution does not continue to rapidly increase as one approaches the innermost parsec around the Galactic Center, radio constraints fall well short of excluding the thermal cross section.
Based on the combination of energy loss mechanisms including ICS, convection, and diffusion, we find that radio constraints are competitive with those derived from gamma-ray and other observations only if all of the following hold true:
• The dark matter density continues to rise (for ex- 4 In producing this estimate, we have adopted an injected electron spectrum of the form dNe/dEe ∝ E −1.5 e between 1 and 1000 GeV.
FIG. 3:
A comparison of the constraints derived from radio and gamma-ray observations of the Galactic Center (are reported in Ref. [37] ), assuming an NFW profile (γ = 1). Even if one assumes that diffusion/free-streaming can be neglected, and that the dark matter profile and magnetic field models can be accurately extrapolated into the Galactic Center, the resulting radio constraints are generally less stringent than those derived from gamma-ray observations. ample as ρ ∝ r −1 ) within the innermost parsec of the Galactic Center. As this scale is well below the resolution of numerical simulations, we have little insight into whether this is or is not the case.
• The magnetic fields continue to rise within the innermost parsec, allowing synchrotron to be competitive with energy losses from ICS.
• Cosmic ray electrons must behave diffusively (and not efficiently free-stream) within the central parsec. This would require a low diffusion coefficient,
If any of these three criteria are not met, the constraints on dark matter annihilation derived from radio constraints will be very weak. And even if we optimistically assume that the dark matter profile and magnetic field models can be accurately extrapolated into the Galactic Center, and neglect any free-streaming, the resulting constraints are not necessarily more stringent that those derived from gamma-ray and other observations. For example, in Fig. 3 , we compare radio constraints to those derived from Fermi observations of the Galactic Center [37] , assuming an NFW profile with a canonical value for the inner slope, γ = 1. For neither annihilations to bb or τ + τ − do the radio constraints exceed those provided by Fermi. And although radio observations could provide the most restrictive constraints in more cuspy scenarios (γ > 1), this would only be the case if all three of criteria listed above are satisfied.
In summary, we have revisited constraints on annihilating dark matter as derived from radio observations of the Galactic Center. We find that when inverse Compton scattering with the interstellar radiation field is taken into account, such constraints are weakened by almost three orders of magnitude. If strong convective winds are present in this region (as is supported by recent observations), these constraints will be weakened further. Under the most optimistic assumptions (regarding magnetic fields, diffusion, and the dark matter density within the innermost parsec of the Galaxy), radio constraints are comparably stringent to those derived from gamma-ray observations. Under more realistic and observationally motivated assumptions, radio observations of the inner parsec of the Milky Way are not capable of restricting the nature of dark matter beyond the level presently explored by Fermi.
